
N U C L E A R  I N S T R U M E N T S  A N D  M E T H O D S  IO 7 (i973) 365-370; © N O R T H - H O L L A N D  P U B L I S H I N G  CO. 

M E T H O D  FOR ELIMINATION OF QUARTZ-FACE P H O TO TU BES  IN CHERENKOV 

COUNTERS BY USE OF WAVELENGTH-SHIFTER* 

E. L. G A R W I N ,  Y. T O M K I E W I C Z t  and  D. T R I N E S  + 

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305, U.S.A. 

Received 23 October  1972 

The  feasibility o f  the use o f  organic wavelength-shif ters  in con- 
junct ion with no rma l  glass pho to tubes  and  sui tably t ransparen t  
gases in Cherenkov  counters  is investigated. It  is shown  tha t  

such a combina t ion  gives per formance  at least the  equal  o f  tha t  
obta ined f rom quartz-face phototubes .  

1. Introduction 

The use of Cherenkov counters is widespread and 
essential in many areas of high-energy physics. Many 
such counters are used in the threshold mode and serve 
to identify particles at very high energies. In order to 
increase the number of effective photons from Cheren- 
kov counters, experimenters have used quartz-window- 
ed photomultiplier tubes whose response extends to 
almost 2000 ,~. These quartz tubes are very expensive 
(about five times the cost of a normal tube at 5" dia- 
meter) and may have long procurement times. This 
paper presents a method for depositing and using 
organic wavelength-shifter materials which convert 
ultraviolet photons in the range 1100 to 3600 A (for the 
recommended thicknesses) into emitted photons at 
wavelengths near 3850 A, with very high quantum 
efficiency. 

We also present experimental data on a test of these 
ideas in a Cherenkov counter using nitrogen gas at 
atmospheric pressure and an MgF2-overcoated, alu- 
minized mirror in a test beam. Use of the wavelength 
shifter with a conventional phototube is shown to 
make the conventional tube at least the equal of a 
quartz-windowed tube in this counter. As expected, the 
1- to 2-ns decay of the shifter used did not noticeably 
affect the photomultiplier output pulse. 

A proper wavelength shifter to be used in conjunc- 
tion with the Cherenkov gas counter has to fulfill the 
following requirements: 

a) Very high quantum yield of fluorescence for 
excitation wavelengths longer than 2o (20 depends 
on the absorption properties of the gas used in the 
counter). 
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b) Fluorescence emission that matches the response 
of the normal S-11 cathode. 

c) Short decay time of the excited state. 
d) High transparency for its own fluorescence and 

for wavelengths longer than the fluorescence 
emmission. This property will provide means to 
detect efficiently the Cherenkov radiation which 
is not absorbed by the shifter. 

e) Stability against evaporation and aging, thus 
preventing deterioration of the converter and/or 
poisoning of the gas in the counter. 

The most widely used of all the organic fluorescent 
converters - sodium salicylate - is not useful for the 
present purpose because of its relatively long lifetime, 
8.5 to l0 ns~), serious aging effects 2) and low trans- 
parency for wavelengths longer than its own emission. 

Several converters were investigated: diphenylstil- 
bene (DPS); p-terphenyl (pTP); p-quaterphenyl (QPh); 
2,5 diphenyloxazole (PPO); and p-bis [2-(5-phenyloxa- 
zolyl)] benzene (POPOP). 

2. Experimental methods 

2.1. SAMPLE PREPARATION 

The organic scintillators were obtained from New 
England Nuclear, Pilot Chemicals Division, and used 
without any further purification. The measurements 
were performed on evaporated films, prepared by 
heating the various materials in an Mo evaporation 
boat covered by a thin wire mesh screen 3) at a pressure 
of l0 -s  mm Hg. A typical rate of deposition was 
10-2mg/cm2min.  The substrates were pyrex or 
quartz. The variations of the film thickness on the 
substrate were minimized by locating the substrate an 
appropriate distance above the evaporation boat. The 
thickness of a film was determined by weighing the 
substrate before and after the evaporation. 

In order to prevent evaporation from the substrates 
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of the scintillators, due to their high vapor pressure, the 
samples were coated with a protective thin layer 
(,~ 200 A) of MgF24). This coating was done by evap- 
oration immediately after the scintillator deposition, 
without venting the vacuum system. When the MgF 2 
evaporation was performed at the rate of ~ I00 A/min, 
the performance of the scintillator layer was not 
damaged by the coating. For lower rates of evapora- 
tion, an inferior performance was found in the vacuum 
UV region. The thickness of the MgF2 layer was 
determined by a crystal thickness monitor techniqueT). 

2.2 .  LIFETIME MEASUREMENTS 

A n  o x y g e n - f i l l e d ,  n a n o s e c o n d  l i g h t  s o u r c e a ) ,  c o m -  

b i n e d  w i t h  a 270-A O p t i c s  T e c h n o l o g y  i n t e r f e r e n c e  

f i l ter ,  w a s  u s e d  f o r  e x c i t a t i o n .  T h e  e m i s s i o n  w a s  d e t e c t e d  

b y  a 1P21 R C A  p h o t o t u b e  c o m b i n e d  w i t h  a l u c i t e  

l i g h t g u i d e .  T h e  d e c a y  c u r v e s  w e r e  o b t a i n e d  o n  a 

T e k t r o n i x  s a m p l i n g  o s c i l l o s c o p e ,  p - t e r p h e n y l  ev i -  

d e n c e d  a d e c a y  t i m e  n e a r  1 n s ,  w h i l e  d i p h e n y l s t i l b e n e  

s h o w e d  a 2-  t o  3 - n s  d e c a y .  

2.3. EMISSION SPECTRA 

Emission spectra of some of the scintillators were 
measured on a Perkin Elmer MPF2A Fluorescence 
Spectrophotometer. 

region from 110 nm to 250 nm, the wavelength depen- 
dence of the quantum yield obtained on the McPherson 
monochromator (see previous section) was utilized 
with a proper normalization. 

TABLE 1 

The  calculated photoca thode  current,  11, resulting f rom Cheren-  
kov light incident  on a 56 AVP photomult ipl ier  coated with a 
pTP wavelength-shif ter  divided by the calculated photoca thode  
current,  I2, resulting f rom the same Cherenkov  light incident on 
a 56 D U V P  photomult ipl ier ,  is given for different gases. The  
indices o f  refraction o f  these gases, at a wavelength ;t = 5893 A 
at 0 °C and  760 m m  Hg, are listed, together  with the extrapolated 
absorpt ion  edges for those  gases for which accurate  absorpt ion 

data  were not  available. 

Gas t / =  n -  1 Absorpt ion  11/12 
edge (A) 

Methane  4.41 × 10 -4 15) 1640 a 1.3 
Propane  1.005 × 10 -a 15) 1850 a 1.06 
Butane  14.81 x 10 -4 d 1960 a 0.95 
Kryp ton  4.27 x 10-4 15) 1236 b 1.8 
Xenon  7.02 × 10 -4 15) 1470 b 1.5 
SF6 7.85 × 10 -4 16) 1473 ¢ 1.5 
Freon 12 11.27 × 10 4 16) 2220 e 0.7 
Freon 13 7.82 × 10 -4 16) 1970 e 0.9 
Freon 13BI 9.43 × 10 -4 d 2606 e 0.68 
CO2 4.5 x 10 -4 15) 1920 e 0.97 
N2 2.97 x 10 -4 15) 1400 e 1.9 

2.4. WAVELENGTH DEPENDENCE OF THE QUANTUM 

YIELD 

The wavelength dependence of the quantum yields of 
the various scintillators was determined in the double 
beam attachment of a McPherson 225 Vacuum UV 
Monochromator. The readings of the photomultiplier 
viewing the scintillator were normalized to the readings 
of a photomultiplier viewing a sodium salycilate layer. 
Because sodium salycilate exhibits (to a good approxi- 
mation) wavelength independent quantum yield9), the 
normalization produced a result independent of the 
spectral distribution of the light source. 

2.5. MEASUREMENT OF THE RESPONSE CURVE OF AN 

AMPEREX 56 AVP PHOTOMULTIPLIER COUPLED 

WITH A WAVELENGTH SHIFTER 

The wavelength shifter, on its substrate, was optically 
coupled ~°) by a thin silicone grease layer to the front 
window of a 56 AVP photomultiplier, and viewed the 
exit slit of a Beckman DK-2A Ratio Recording Spec- 
trophotometer. The anode current from the phototube 
was then recorded as a function of wavelength from 
500 nm to 250 nm and normalized to the readings of a 
bare 56 UVP photomultiplier. For the wavelength 

a The absorpt ion edge o f  me thane  is calculated to be at 1640/~, 
based on the following: According to ref. 17, k =  1 a tm -1 
cm 1 at 1440 A where k is defined by the relationship 1 = 
10e -kpx. Define the absorpt ion edge for a given pressure p 
and a given optical pa th  x as the wavelength where the equality 
kpx = 1 exists. Extrapolat ing f rom the known rate o f  decrease 
of  k with increasing wavelength up to 1440 A toward longer 
wavelength regions, k = 10 -2 a tm -1 cm -1 (absorpt ion edge 
for 1 a rm and optical pa th  o f  1 m) at 1640/~. Propane  and 
bu tane  are calculated similarly f rom ref. 17. 

u The  absorpt ion  edges o f  krypton  and xenon are assumed to be 
at the posit ions o f  the raie ul t ime (the first resonance line) 
at 1236 ,~lS) and  1470 A18), respectively. 

e The  absorpt ion edge o f  SF6 is assumed to be at 1473 A. This  
a ssumpt ion  is based on the following: The  m a x i m u m  of  the 
first electronic t ransi t ion is found  by ref. 19 at 1054 ,~ with a 
width o f  9000 cm -1. Define the absorp t ion  edge for this 
part icular case as the posit ion shifted from the m a x i m u m  3 
times the width towards  longer wavelengths.  

a The indices o f  refraction have been calculated by the Lorenz- 
Lorentz  law using atomic refraction values from the H'andbook 
of chemistry and physics, 45th ed. (1965). 

e The absorpt ion edges, defined as in (a), are given only for sake 
of  compar ison.  In order to obtain the values o f  11/12, the real 
absorpt ion  spectra were folded into the Cherenkov light 
spectrum. The  absorpt ion  spectra o f  freon-12, freon-13 and  
CO2 are taken f rom ref. 20; the absorpt ion  spec t rum of 
freon-13B1 was measured  by the au thors  o f  ref. 20. The  
absorpt ion o f  N2 was measured  by us. 
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2.6. GAS ABSORPTION MEASUREMENTS IN THE 

VACUUM UV REGION 

Absorption spectra of the various gases are available 
from the literature, but they are usually measured for 
very low pressures and for a very small optical path. 
Although it is difficult to deduce with accuracy from 
this data the detailed absorption edge at relatively high 
pressures ( ~  1 atm) and long optical paths (1 m), those 
values which can be obtained are given in table 1. We 
measured directly the complicated absorption spectrum 
of N2 in our McPherson 225 Vacuum UV Mono- 
chromator.  The measurement was performed in the  
following way: The H2 light source was sealed with a 
LiF window and connected to the monochromator ,  
which was filled with N2 at 700 torr. The light intensity 
transmitted through the l -m optical path of  N2 was 
recorded as a function of wavelength. This intensity 
was compared with the intensity of the light transmitted 
through the monochromator  when it was under 
vacuum. For  finding the absorption spectrum of N2 
at a pressure of  760 mm 11) the relationship A1/A2 = 
= P~/P2 (where A~ is the optical density for a pressure 

Pi of  N2) was used. 

3 .  E x p e r i m e n t a l  resul ts  

3.1 .  OPTICAL MEASUREMENTS 

The relative quantum yields of  the converters were 
determined. PPO and POPOP were found not to be 
suitable for the present purpose because of their 
apparent lower quantum yield, accompanied, in the 
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Fig. 1. Curve " a "  is the emission spec t rum of  a polycrystall ine 
sample  o f  p-terphenyl.  The  wavelength o f  the exciting radia t ion 
is 3100 A. Curve  " b "  represents the t ransmiss ion  o f  2.5 cm-thick 

pyrex window. 

case of POPOP, by a high scattering for wavelengths 
longer than the fluorescence emission. 

Lifetime measurements of samples of  DPS, QPh, and 
pTP were performed. The shortest lifetime was that of 
pTP - between 1 and 2 ns. The emission spectra of  the 
above-mentioned scintillators are not noticeably 
attenuated by a pyrex window. The transmission of a 
2.5-cm-thick pyrex window, along with the emission 
spectrum of a solid sample of  pTP, is given in fig. 1. This 
emission is considerably red-shifted in comparison to 
the solution emission given in ref. 12. The emission 
spectra of DPS and QPh were not measured since the 
solution spectral2), which are usually blue-shifted with 
regard to the solid's emission, are not attenuated13). 

No significant differences were found among the 
quantum efficiencies of  pTP, DPS, and QPh; because of 
its lifetime, pTP seems to be the most suitable for the 
present purpose. The optimal thickness of  the pTP layer 
is the minimum thickness required for an efficient 
fluorescence. Using thin layers has a double advantage: 
Scintillations excited directly by stray fast particles are 
negligible, while the optical transparency of the sample 
at wavelengths above the region of its absorption is 
improved. The recommended thickness of pTP layers is 
0.2-0.3 mg/cm 2. At this thickness, less than 6% of the 
light in longer wavelengths than the emission is lost. 
For thicknesses less than 0.2 mg/cm 2, a decrease in 
emission for excitation wavelengths in the 2200- to 
3400-A region was found. 

In order to compare the relative efficiencies of the 
56 AVP photomultiplier coupled with a wavelength 
shifter (this combination will be called 56 AVP'  for 
sake of convenience) and a 56 DUVP photomultiplier, 
the response curve of the tube plus scintillator was 
constructed in a fashion explained in detail in section 
2.5. (The response curve was calculated for a typical 
thickness of  0.5 mg pTP/cm2.) Defining the response of 
the combination as RAVP, (2), the number of photons of 
Cherenkov radiation per unit wavelength interval as 
Nc(2 ), the transmission of gas x as Tx, the integral 

fRAv v,(2) Nc(2) T X (2) = t d2 I 

was calculated. Defining the response of the 56 DUVP 
photomultiplier as RDU (2), the integral 

12 --- JRou(2) Nc(2) Tx(2)d2 

was calculated. The relative values of  RDV(2) were 
taken from ref. 14, while at an arbitrary wavelength 
2' - in our case, 2' = 450 n m -  (this wavelength has to 
be in the visible), the equality RDO (2') = RAVr,, (2') was 
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set. The physical meaning of this equation is nor- 
realization of the output of the two tubes, when 
viewing the same visible light source, which, in our 
case, was a nanosecond-pulsed lamp. 

The values of I~ and 12 were calculated for various 
gases, and they are given in table 1. Except for the 
absorption data of  N2, which were measured as 
described in the experimental section, the other absorp- 
tion data are deduced from the information available in 
the literature. Because of the existing inaccuracy in 
some of the available data, the absorption spectra of  
the more interesting gases will be measured directly and 
published separately. It  is worth mentioning that for a 
counter using mirrors, the wavelength-dependent 
reflection function must be included in the calculations. 
A successful experiment to compare the relative effi- 
ciencies of  56 AVP'  and 56 DUVP in a Cherenkov 
counter was performed. 

3.2. CHERENKOV COUNTER BEAM TESTS 

The wavelength shifters were experimentally tested in 
a Cherenkov counter shown schematically in fig. 2. In 
order to simplify construction, the counter was run at 
atmospheric pressure. Nitrogen gas was used as a 
radiator because it has excellent ultraviolet trans- 

mission properties and because it can easily be obtained 
at very high purity. A constant flow of nitrogen gas was 
supplied to the counter by evaporation from a liquid 
nitrogen dewar. The oxygen contamination was moni- 
tored in the effluent gas from the counter by means of a 
hot zirconium oxide detector. The oxygen impurity was 
typically 12 ppm at a flow rate of  4 scf per hour. 

The particle beam through the Cherenkov counter 
was defined by 3 scintillation counters and 2 iron colli- 
mators to a diameter of about 1 cm. The Cherenkov 
light, emitted by high-energy electrons (3-15 GeV) over 
a length of 2 m, was reflected by a front-surface spher- 
ical mirror ( radius= 122cm) and focussed at the 
entrance window of the photomultiplier. The mirror 
was fabricated by slump molding plexiglass. It was 
coated with 1000 A of aluminum deposited at a rate of 
about 30 A per second, followed immediately by 250 A 
of MgF 2 deposited at a rate of about 8 A per second. 

The three scintillation counters were used to trigger a 
linear gate which passed the Cherenkov counter pulse 
to the input of a 128-channel analyzer. The pulse ana- 
lyzer spectrum was then displayed on the oscilloscope 
and photographed for permanent record. 

In this experiment, two unselected Amperex photo- 
tubes were used: a 56 AVP and a 56 DUVP. The net 
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gains of the tubes were equalized at about 4500A by 
using a pulsed nsec light source (PEK 118) filtered by a 
Kodak Wratten neutral-density filter of 10 x attenuation 
located at the beam entrance end of the Cherenkov 
counter. 

Two different wavelength shifter compounds were 
evaluated: p-terphenyl and diphenylstilbene. Each of 
the shifters was evaporated onto a ~" thick Vycor disc 
and immediately overcoated with about 250 A of 
magnesium fluoride. During the experiment, the appro- 
priate disc was optically coupled to the window of 
the phototube with silicone grease. The thickness of the 
pTP layer was 0.23 mg/cm z and the thickness of the 
DPS was 0.08 mg/cm 2. The results for the two wave- 
length shifter compounds were quite comparable; 
however, a 20% further increase in average output was 
obtained by coating the 56 AVP directly with 0.2 mg/ 
cm a ofpTP and 270 A of MgF2. This result is shown as 
curve "a" in fig. 3. Also shown in fig. 3 are the responses 
of the 56 DUVP and the uncoated 56 AVP. It is worth 
mentioning that in spite of the efficient scintillation 
properties of nitrogen, the amount of scintillation light 
was negligible in comparison to Cherenkov light. This 
fact was clearly demonstrated when the pulse height 
spectrum of 3- to 6-GeV n mesons was compared with 
that of the 3- to 15-GeV electrons. The intensity of the 
Cherenkov light from electrons is at least 5 times 
greater than the intensity of the scintillations from n 
mesons. In fig. 3, the vertical scale is arbitrary and only 
the shapes of the spectra are meaningful. The average of 
the pulse height spectrum from the 56 AVP was 
increased by a factor of 3 by coating the tube with 
wavelength shifter. The larger width of the 56 AVP 
distribution (compared to the 56 DUVP) is due mainly 
to the lower quantum efficiency of the 56 AVP and not 
due to additional broadening introduced by the wave- 
length shifter, which has a quantum efficiency near 1. 
(The broader spectrum also manifests itself in the pulse 
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Fig. 3. Pulse height spectra. Curve " a " -  56 AVP coated directly 
with 0.2mg/cm 2 p-terphenyl and 270/~ MgF2. Curve " b "  - 
56 AVP without coating. Curve " c "  - 56 DUVP. The vertical 

scale is in arbitrary units. 

height distribution from the calibrating light source.) 
It is easily seen from fig. 3 that coating a 56 AVP tube 
makes it slightly superior in Cherenkov light converting 
efficiency to the much more expensive 56 DUVP. 

With pTP, no change in the decay time of the output 
pulse from the phototube could be seen, while with 
DPS, a slight increase in the pulse decay time could be 
detected. A study of aging effects on the shifters in the 
presence of various gases, which might be potential 
Cherenkov gas counter fillers, is in progress. 

4. Conclusions 

We have demonstrated that normal glass phototubes, 
when used with properly deposited organic wavelength 
shifters and suitably transparent counter gases, give 
performances equal or superior to quartz-face photo- 
tubes in Cherenkov counter applications. Other 
investigators 2') have reported improved efficiencies 
with the longer decay-time material QpH. 
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